A Reproduced Copy

OF

AN VEY d

Reproduced for NASA
by the
NASA scientific and Technical Information Facility




STUDY OF DUST DEVILS

IN RELATION TO THE MARTIAN YELLOW CLOUDS _

Third Interim Progress Report

1 February through 31 July 1968

ﬂﬁ@ﬂkﬁﬁgﬁ
“{ACCES N Nll.l BER) (THRU)

5 &1

('] I3 j

o (PAGES) - {CODE)
E(’//\ﬂ'/(} T4 5 3o
2 (HASA CR OR TMX OR AD NUMBER) (CATEGORY)
e

J. A. Ryan
Principal Investigator
Space Sciences Department

McDonnell Douglas Astronautics Company

Santa Monica, Califorunia




Significant contributions to the writing of this report have been made by

| Dr, William Hildreth and Mr. John Carroll of this Department.



TABLE OF CONTENTS

Abstract

1.0 INTRODUCTION AND SUMMARY

2.0  INSTRUMENTATION

2.1 Balloon Measurements g

2.2 Pole Temperature Measurewent Heights

2.3 Two-Axis Hot Wire Ancnmometer

2.4 Background Wind Veloclty and Direction

2.5 Vorticity Meter and Dust Devil Rotation
Counts

3.0 FIELD DATA AND DISCUSSION

3.1 Basic Field Data
3.2 Discussion of Field Data

3.2.1 Temperature Profiles
3.2.2 Dust Devil Frequencies and Sizes as a
Function of Derived Temperature .
Profile Parameters
2.3 Dust Devil Wind Velocity Correlations
.2.6 Atwospheric Vorticity Correlation with
Dust Devil Rotatien
3.2.5 Atmospheric Vorticity Correlation with
Dust Devil Frequency

4.0  THEORETICAL ASPECTS
4.1 Dust Devil Mechanisms .
4,2 Computer Calculations of Temperatura Lapse
Rates on Mars

Appendix A

Page

v (VR V000 &~

e W <«

40

41

42

42

45

58



ABSTRACT

Work during this reporting period consisted of obt;ining additional field data

on dust devils, and finfishing the computer program for determining temperature
lapse rates in the lowermost Martian atmosphere. Five days of good field

data were obtained. These have provided several important clues concerning the
mechanics of dust devil generation, aand have served go verify previous assumptions.
Computer runs have shown that the temperature lapse rates in the lowermost Martian
atmosphere can become highly superadiabatic, a condition favorable to dust devil

generation.



1.0 {NTRODUCTION AND SUMMARY

This report presents a summary of work accomplished during the period

Febtuary 1 through July 31, 1558 on a study of dust deviis as related to

the Martian yellow clouds. The objective of this study is to determine
wheiner dust devils could occur on Mars and be responsible for thé observed
yeliow clouds. PartiCular emphasis is being glven to field studies of dust
dEVi1§ since relatively few good data are available concerning their structure

and the conditions under which they form.

’FiV@Agood days of field data were obtained during this reporting period. These -
dat 4 {ncluded, in addition to measurement of those quantities reported previously
(e.g. temperature from the surface to 1540 meters altitude, envirommental wind
ve'ocity and direction, tangential wind velocity inside the dust devils, dust
duw{l frequency and size), measurement of lecal envirommental vorticity, direction
0f Jdust devil rotation, and the vertical velocities in dust devils. The vorticity
aiivd direction of dust devil rotation measurements are considered to be important
te establish whether direct connection indeedlexists between the atmospheric
Alngular momentum and the magnitude of the tangential wind velocities in dust
duivils {such a connection would be indicated 1if the direction of dust devil
Tvtation, particularly for the larger devils, is found to be related to the

Lpcal area atmospheric direction of rotation). The vertical wind velocity
Spasurements inside dust devils are considered to be i%portant since they should

a{d in the establishment of a dust devil model.

“he major findings during this reporting period are (a) that the vertical wind
vrelocities in dust devils increase as the temperature lapse rate increases,

‘indicating the role of bouyancy ia dust devil formation, (b) that the direction



of dust devil rotation appears correlated with the direction of atmospheric
vorticity, and (c) that both lapse rates and atmospheric vorticity play

important roles in dust devil generation. Additional findiﬁgs are (a) that
tangential wind -velocities in dust devils decrease as béckground (environﬁeﬁtal)
wind velocity 1ncreases,'an indication of the role of mechanical turbulence in
hindering dust devil formétion, (b) that dust devil tangential velocity incr;ases
as dusg,devil diameter increases, and (c) that the tangential velocity appears
insensitive to lapse rote, indicating again the importance of atmospheric
vorticity’in generating the dust devil mode of heat transfer. These findings
indicate that if dust devils are the causal agents of the Martian vellow cloudé
these clouds would be formed preferentially at times when superadiabatic tempera-
ture lapse rates are present in conjunction with appreciable atmospheric vorticity.
Yellow clouds are known to form during times of maximum surface heating
(conducive to the production of superadiabatic lapse rates) and wmost vigorous
atmospheric circulation (conducive to the presence of considerable vorticity).
Hence the data to date indicate dust devils could produce the . yellow clouds.

Bowevér, the data as yet cannot predict whether the wind velocities generated

could be sufficiently large to raise granular material on Mars.

The computer program for determining temperature lapse rates in the lowenmost
portion of the Martian atmosphere, as a function of time and locatfon, has been
completed.. The first rums indicate that highly superadiabatic lapse rates are

generated close to the surface, in accordance with the findings of others.



2.0 INSTRUMENTATION AND PROCEDURES
. Various changes to the instrumentation and measurement procedures were made
during the reporting period. These changes and the reasons for which they were made

‘are given in the following sections.

2.1 Balloon Measurements

During the early phases of the program a tethered balloon was used to obtain
temperature measurerents in the heipght range (30-150 meters) between that
covered by the pole and the aircraft. The balloon was vec-shaped to provide
serodynamic 1i1ft and maintain itself over the pole i; the presence éf wind., It
was found, however, that it was impossible to keep the balloon at anything like
a constant altitude, and the altitude changes were extreme and rapid (at
various times the balloon would rapidly drop a hundred weters or so, depositing
the sensors on the‘ground). It appears that this behavior was caused by down-~-
ward moving alr currents whose vélocity. though low, acted upon the large
surface area of the balloon and hence could overcome the balloon 1ift. Two
attempts to remove this problem, first flving two balloons in tandem, one

150 meters above the other, and second, providing means for ground control of the
balloon pitch (means to point the balloon nose into the downdrafts when they
occurred) were made. XNeither approach was successful.  Accordingly, it was
decided to do away with the balloons and have the aircraft fly continuously.
This approach has proven quite successful (to cover the gap left by the
balloon's absence, atrcraft measurements at 77 meters were added to the

measurenment set).

2.2 Pole Temperature Measurement Heights

During the earlier phases of the program, temperature sensors were mounted at



heights of O, 1, 2, 5 and 9 meters. Analvsis of the records indicated,
however, that determination of the shape of the steep terperature lapse rate’
region within the first 10 or so meters above the ground would be enhanced
by changlng Fhe sensor heights and adding an additional sensor. The poll}
sensor heights utilized &uring‘this reporting period were O, 0.3, 1, 2, 4, 8

and 14 meters and this change has produced the desired result.

2.3 Two-Axis Hot Wire Anemometer

The*theoreticél étudies underway, which were discussed in the previous report
and are discussed futher in the present revort, have indica;ed the desirability
of measuring vertical wind velocities In dust devils. These measureﬁents
provide important information vequired for an understanding of dust devil
generation mechanisms. Accordingly, we began to measure both tangential and
vertical velocities with our single-axis hot wire. This, however, involved
making two penetrations of each dust devil and it was found that with much
forward motion of the devils this was impossible to do. A two-axis hot wire
amemometer with recorders was therefore constructed and calibrated for both
wind velocity magnitude and directional respronse characteristics. This

fnstrument has been utilized through most of the present reporting period.

2.4 Background Wind Velocity and Direction

Recofders have been added to the instruments measuring background wind velocity
and direction so that continuous records éould be obtained. This was considered
to be important since then it is possible to losk for possible correlations

between these ov-..cities and dust devil activity.

2.5 Vorticity Meter and Dust Devil Rotation Counts
P, :
The source of the concentrated angular momentum of a dust devil {s one of the

major questions to be answered if the necessary conditions for dust devil



formation are to be established.

As discussed in Section 2 of the 2nd interim report, the 1intensity, size,
sense of rotation and lifetime of a dust devilareprobably related to the
'magnitude and sense of the available background vorticity (Cé) in the dust
devil's enviropment. Therefore two additifonal observations were added to the

field program to try to determine the scale and magnitude of Lo-

The first of these was the stationing of from 4 to 6 observers in a liqe.
perpendicular to the mean wind. Thelr assignment is to observe at close hand
as many dust devils as possible; recording the time of observation, location,
dust diameter, sense of rotation, and comments on the shape, degree of
development, duration, ete. The object of these observations is to obtain
s:atistics‘on the temporal and areal distribution of sense of rotation,

size, and duration. These statistics can give a fair indication of the time

and space scale of L.

Measurement of Ce directly is a difficult task using standard instrumentation.
In view of this a new type of sensocr was designed. This Instrument consists
of four 8 cm diameter styrofoam spheres mounted on the ends of two mutually
perpendicular one meter rods. The Intersection of .these rods is mounted
perpendicular to the shaft of a one turm, low-torque, coﬁcinuous potentiometer
wired as a voltage divider. The output voltage is continuously recorded.

Each arm 18 balanced and the device mounted two meters above the ground

with the plane of the arms level. Wind tunnel tests showed that the device is
insensitive to changes in wind direction and speed (below 65 km hr-l) and
responds oﬁly to horizontal gradients in horizontal velocigy[or rotary motion

(ie i;). The starting threshold of the device is not known but appears to be



very low. With this "vorticitv" meter, good indications of the sense and
magnitude of the background rotation in the vicinity of the meter can be

obtained.



3.0 FIELD DATA AND DISCUSSION

3.1 Basic Field Data

The basic figld temperature data are given in Appendix A. These are for -five
days of operations during this reporting period aqd tépresent those days where
meteorological conditions met study requirements. The first graph shown for
each day presents the temperature data obtained by the aircraft at 77, 150, .300,
920 and 1540 meters altitude as a function of time. The following graphs for..
each day show the temperature profiles with height at sequential times during

the day. Ground temperatures, though monitored, are not shown.

The wind velocity and direction data for each day are Qhown in Figures 2, 5, 8,
11, and 14. Dust devil frequency and size data as a function of time for each
day are shown in Figures 1, 4, 7, 10 and 13. Figures 1-15 also show derived
quantities which will be defined shortly. Data for dust devil wind velocities
are presented in Table 1. Most column headings are self-explanatory. The
quantities Viax and LA respectively represent. the maximum tangential and
maximum vertical (upward) wind velocities in the devils; ¢ refers to clockwise
roéation looking toward the surface from above, and cc refers to counterclockwise

rotation. The dust devil diametef given is that of the visible dust column.

The basic vorticity data are given in Figures 16-18. These figures show sense
of vorticity meter rotation (2 minute'intervals) and dust devil rotation

directions as a function of time, for three days.

3.2 Dbiscussion of Field Data
3.2.1 Temperature Profiles
The temperature profiles, Appendix A, when plotted on a linear scale show typically

a steep temperature lapse rate region adjacent to the ground overlain by a layer



in which the lapse rate is still superadiabatic but much less so, and finally
by a layer where the lapse rate is dry to sub-adiabatic. Tﬁe height of the
highly superadiabatic layer has, to date, always been about 10 meters. Tﬁel
height (h) to the top of the overlying superadfabatic layer raunges from a few
tens of meters to several hundredé of meters. Both of these 1ayérs can be -
approximated well by linear temperature profiles. This approximation is

utilized whenever applicable in the following discussions.

3.2.2 Dust Devil Frequencies and Sizes as a Function of Derived Temperature
Profile Parameters

The pertinent data are shown in Figures 1-15. The quantity AT i3 simply the

temperature difference between the sensor at 0.3 meters and the temperature at

the height where the lapse rate is no longer superadiabatic. The quantity h

is the helght of the total superadiabatic layer. The quantity ATB is the

difference in temperature between the sensor at 0.3 meters and the temperature

at the top of the highly superadiabatic la&er (hs) adjacent to the ground.

Since the height of this layer has always been about 10 meters, A’I‘s is directly

proportional to the lapse rate in this layer. The final qﬁantity is dT/dZ.

This is defined as the tewmperature difference between the top of the super layer

adjacent to the ground (5 10 meters) and h, divided by h minug the height of

‘the base layer. It directly represents the lapse réte in the rather thick

layer between the stable atmosphera above and the extremely superadliabatic layer

adjacent to the ground.

The search for correlations fs best done by studying the results for given -

days.



Time
1224
1235

1426

Time

1325

1336

Time

1308

Table 1A

_Dust Devil Penetra:iions for 3/28/68

Background
Wind (Ave.) Diameter
(kin hr"l) {meters)
<5 10~-15
7-8 6-8
6 30
Table 1B

Dust Devil Penetrations for 5/3/68

Background .
Wind (Ave.} Diameter
(km hrl) (meters)
<5 £
12 6-8
Table 1C

Dust Devil Penetrations for 6/13/68

Background

Wind (éie.) Diameter

(km hr ) {meters)
25 3

Vmax '
1

(km hr )
19
11

25

v
max
(km hr 7)

4.5

32

v
max

G e )

4.6

Direction
W
max -1 of
{(km hr 7) Rotation
No
measurenment C
No - ~
meagsurenent C
No
measurement ccC
Direction
W
max - _, of
(km hr ~ Rotation
No Cc
Heasurement
No C
Measurement
Direction
max _, of
(km hr ) Rotation
2.6 Not Obtained

10



~Table 1D

pust Devil Penetrations for 6/26/68

Background . : Direction
Wind (Ave.) Diameter Vmax ¥ of
- Time (km he b (meters) (km hr‘l) {km ht_l) Rotation
1100 <5 <1 3.7 1.5 c
1110 <5 1 8.5 3.7 c
1128 <5 1 6.5 2.8 &
1137 5 1 4.6 3.3 c
1144 <5 <1 3.7 1.1 cc
1156 <5 2 7.4 1.5 cc
1213 S 1 6.5 5.5 cC
1225 <5 < 4.1 1.1 cc
1227 <S5 <1 4.6 1.3 cC
1229 <5 3 9.2 6.9 c
1256 < 1 6.5 6.5 c
1315 <5 1 7.4 4.4 c
1327 S 3 12 3.7 c

1349 13 2 6.9 <0.6 cc



Time

1100

1113

1216

1223

1224

1231

1239

1241

1248

1306

1323

1352

1358

1424

Dust Devil Penetrations for 6/27/68

Background
Wind (Ave.)
(km br7l)

16

21

13

16

18

18

18

15

17

No Record

22

23

18

No Record

Table 1lE

Diameter
{meters)

10
13-17

10-15

v
max
(km hr 7) -

11
10
10
12.5
7.5
10
12.5
7.5
12.5
7.5
5.5
7.5
20

20

max -
{km hr 7)

2.8
1.9
2.8
< 0.7
<0.7
1.3

1.3

3.1
1.9
1.9
1.8
2.2

1.9

Direction

of
Rotation

C
CC

cC

cC

cC

cC

CC

12
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Figure 4
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3-28-68

The applicable data are siven in Figures 1-3. The day was clear with
very little wind. What wind there was came mostlvy from the north.

A total of 48 dust devils entered the counting area (I 600 x 200 meters).
The dust devil frequency and size data are sﬁ;wn in Figure 1. They are
plotted as total in counting area, and those within 150, 60, and 30
meters of the gtation (vole for temﬁerature measurement). The type of
nark used indicates dust devil diameter. It is seen that the devils
cluster into two main groups (in time) with two~subsidiary groups.

Also note that the period around 1200 involved equipment (balloon)
difficulties which involved the entire field crew so that counts are
lacking and the subsidiary peak at 1140 may be part of the major peak

at 1230.

The 1230 peak in frequencv is preceeded by a gradual increase in AT, h

and dT/dZ. It alsoc occurs simultaneously with a peak in ATS. Note the
time lag, however, between the AT and h peaks and the frequency peak,

AT and h reaching a maximum earlier. Note also that dT[dZ reaches a
ninimum coinciding with the frequencv maximum. Following this frequency
maximum, the activity diminishes and then abruptly ceases. This cessation
occurs at a minimum for ATS, shortly after a minimum in AT, but as dT/d4Z
is reaching a maximum. This oscillating behavior continued during the

remainder of the day.

It appears from this that dust devil activity increases at ATs increases,
that is, as the layer adjacent to the ground becomes more unstable. -

Conversely, dT/dZ appears to behave inversely to dust devil activity. A
possible explanation for this latter behavior is given at the end of this

section.

28



5-3-68

The applicable déta are given in Figures 4-6. The day was clear except
for two brief intervals of shade. A total of only 16 dust devils enfered
the counting area. A fairly steady wind averaging between 10-20 km hr_l,
but highly wvariable in Hirection, was present all day. The dust devils
fall into two basic activity groups, one between lZOO—iBOO and the other
from 1330-1430. 1t is seen that both peaks correspond to maxima of ATS..
and that the quiet period corresponds to a ATS ninimnum. There is some
indication of the inverse behavior of dT/dZ noted previocusly, pérticularly

with regards to those dust devils within 150 reters of the station.

6-13-68
The applicable data are given in Figures 7-9. The day was clear with a
strong north wind qf about 20-30 kn hr~l blowving the entire day. Only

22 dust devils appeared in the counting area. The quanfity ATS did not
change much during the dav, nor did dus; dévil frequencv. There is,
however, a small frequency maximum between 1220 and 1310 corresponding

to a broad maximum of ATs' There also is a brief frequency minimum at
aSout 1330 corresponding to a ATB minimum. Yo correlation between activity
and dT/dZ is evident except for the initial rapid increase in dT/dZ at the

beginning of the dav.

6-26-68

The applicable data are given in Filgures 10-12. The day was clear; also
calm durinz the early morning. The wind, picking up about 1110, was highly
variable {n both velocity and direction with é general trend of increasing
velocity with time. A total cf 80 dust devils appeared in the céunting

area. Almost all of these were significantly less than 2 meters in diameter



(a possible factor in the large number of very small dust devils observéd
is that the counting area was scraped at the beginning of the day to
prodﬁce loqse dust, most of the previous dust having been blown away -
during windstorms the previous week). Dust d?vil activity was relatively
constant after activity began. The larger dust dévils, particularly
within 150 meters of the station, did however show a tendency to increase
in frequency in the afterncon. The quantity ATS, thqugh quite variable,
also increased slowly with time. Considerable variation was noted for

dT/dzZ.

6-27-68

The apolicable data are given in Filgures 13-15. The day was clear. A
steady wind of averagenvelocity about 20 kn hrsl was present all day,
blowing almost solely from the west. A total of 108 dust devils appeared

in the counting area. Dust devil activity was relatively constant after
1100, but several small maxima and minima are evident. These correspond
well with maxima and minima in ATs' The quantity dT/dZ was hishly variable,
but it does show fairly clearly the inverse behavior, tending toward a

maximum with decreasing activity and a minimum with increasing activity.

Surmary
The data to date, for dust devil frequency as relat;d to temperature profile
cﬁatacteristic indicate that
a. Dust devil frequency is correlated with ATa,the temperature lapse
in the highly superadiabatic layer adjacent to the surface, activity
increasing as ATS increases. This correlation holds best when little
or no wind is present. It also holds fairly well when the wind is
gsteady, but the correlation is not as definite when the wind is

highly variable in veiocity. For this latter condition the‘temperature



profiles undergo considerable variation and this is a possible
cause for decreased definitiveness in the correlation (as will
‘be noted in a subsequent section, dust devil frequency also

appears to depend on atmospheric vorticity).

b. There appears to be an inverse correlation between dust devil
frequency and dT/dZ (the temperature lapse rate Iin the superadiabatic
layer above the highly super surface layer) dT/dZ reaching a minimum
when activity is a maximum. This {is partic&larly evident under
light and steady wind conditions. A likely explanation for this is
that the minimum is produced by heat transferred upward during
éust devil activity, whereas the lapse rate in this layer recovers
when activity ceases. The decrease in inverse correlation under
variable and/or verv stfoné wind coaditfons could be due to the

increased wechanical turbulence and mixing preduced.

Correlations of dust devil frequencv have been nade for given davs. Correlations
between davs have not as vet been attempted because of (a) the variability of the
general meteorological conditions, such as area vorticity, between days and (b) '

the variability in the amount of loose dust present at the surface.

3.2.3 Dust Devil Wind Velocitv Correlations
"A search has been made for possible correlations between dust devil wind
velocities and (a) background {(environmental) wind velocity, (b}ATs/hs, ()

d1/dz, and (d)} dust devil diameter.

Background Wind

The quantitv Voax (maximum tangential wind velocity in the dust devil) is

31



plotted versus background wind velocity in Figure 19. Dust devil diameter

was held constant. It is seen that there {s an apparent decrease in % ax a§
backzround wind increases. On the other hand wmax (the maximum vertical
velocity in .the dust devil) anpears to be unaffected (Figure 20). These were
then plo;ted again,but holding dT/dZ constant. This'was done since the back-
ground wind could affect the lapse rate which could then affect the dust devil
" wind velocities (ideallv one would like to hold lapse rate and diameter both
constant but there are as vet insufficient data to do this). The rgsults for.
Voax 2r¢ shown in Fleure 21. It is seen again that L — decreases as the
background wind velocity increases. On Ehe other hand wmax'(Figure-ZZ) is
unaffected. This is the tvpe of behavior one would expect if the magnitude of
w is determined principally by bouyancy while the magnitude of v depends
largelv upon the concentration of angular wmomentum, this concentration being
impeded by the disruptive influence of the wind and associated turbulence.
This could be one reason why it has been observed bv manv investipgators that
dust devil formation is‘inhibited with high background winds. (A second possible
contributing mechanism isg that,with turbulence;an increased amount of heat
transfer is accomplished byncurbulent mixiné, with a decreasing necessity for
operation of the dust devil and “thermal" modes).

MMy

No evident correlation was found between ATS/hs, the temperature lanse rate in

the highly superadiabatic layer adjacent to the ground, and v and w .
max max

dr/dz .
The applicable data are shown in Table 2. In this table the dust devils are

grouped by diameter. It is i{mmediately seen that,‘with the exception of
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Figure 20
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Fﬁgure 21
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Figure 22

i “ .
+ t i ! i ¢
. !
i ¢ & u panmesge Bt ry
; ; : 4 :
: « ] i
: : “ . : !
w : ) M “ m
. £ = BRSNS % i
1 t
1 i “ m . | '
TR T ol M
“ Lo b-d . :
N . L L I e ke -1
! i ! . { :
. " S ; ' ;
: : : i 3 ¢
| : m 1 i i
‘ L R R T B et T
: w i ) :
N L ¢ . t i +
i : \ T ¢ e
, | , ! i ]
: . i : .
TR S et SRR . N P
M - : m J
; st T : ¢
¥ m < i
! o g v % 5 v gy wemdilos ssan g 5 & widaoe ey
: : :
3 H
P 5 : ' '
d ; i
§ m . . ;‘v, v “
' i « [}
; ;
5 ‘ . . s 5
' , & i 8 H
I N EEE S
. . ; s :
P b i
; _.
. '
: : : {
_ : | A L | ’
. .
: (1.2 04 110" = (zP/1P)
! . R .. 2
C T . USATH YITM PUTH

SE
b

: ,.Aﬂlun wy) PuM punoxdyowg
A 07

v - +
i
4 '
¢ P
H
, .o
i i
i i
.
|
. .
. P
' i . '
: ] 3
i i
: !
aiomsst 4w . e
4 11
1 H
} i
. .
" 4
B i
i |
i
i
i
i : )
] : 2
o
v 3 v § . ‘
E i
H

I

s1vy esde.

punoagyovuyg

P BNEIPA TFAAQ 1SNQ IIPTSUT

" 43790794 PUTH T®OTII94 WNUTXTH

i

i

\
: i
4 i
)

!
: 1
.

f

i

RO

!

TSR SE.

.

R R

; i ; $311
1 . 3 !
: i
: |
W . X
; J
b wigmbiscis e oo iy roiasmhinie s
K H . ]
i “ ‘ 1 1
l . ; ;
A 4 *
i prave ¥
| ; i .
! ! . c e
1 ! .
T U S
; } :
1 w B
i ol . \
. ! +
. w ) : !
SO LS SO SO E I Y
N ¢ :
b
) i i
N ¥ '
¥ v - I v
o ;
S R S A N
i i
]
e : ¢ 1
X . i
s ! t ! ”
v Sman seeieing Shane s e Eg e
E : i . : i
B 1 - A
; S O m
. K ‘ )
' 1 ! 3
Lis werkscnnomgsiomde gl st mimsaiont o 5 o
1 +
‘ : 3 :
. 3 ) ;
PP T [. . Y m
. 1 . §
' . {
ke : i
5 PR T SN LA S SR
! ! i
i .
. i . '
i ‘ ‘
) - . -~ c. 1 b e
N i :
" W 1 N .
: A ! :
. . ¥ _ 1
¥ . ) i y
] SRR CRPLR S S :
i ‘ ¢
¢ ! i
. Yeoragns + ‘ i )
. _ ) i :
; H ! i :
R R SRR B b e o
T { i ¢
! . : :
) H ; i :
. 1 . v i
: § i d ]
: ! i :
w4, Peeg 8 B Y e
H : 3 ' '
i 1] 1
i - t ! i
! i [ ' ' 4 .
v ¢ 3 l ‘
! : . ! !
) ; \ . !
I WL VIV P g, R
: i f i i
: . ! ,
= 5 | - . . “
) . . ] i i \
i i
| .
v e sumy Byl cmena C e % e
b ' i . . ’
. ; ! !
' , § 4 ‘ 1
v | i ) t :
i i j ¢ . +
s - . ST S T

r e

P

vy

X9

(114 W)



dT/dZ

Dependence of Dust Devi]l Wind Velocities

on Lapse Rate in Superadiabatic Layer

Lapse Rate (°C m-l)

1.

4,

‘* Values in brackets {ndicate number of samples

Dilanmeter

.014
.016
.017

Diameter

.013
014
.016

Diameter

.011
.012
.013
.014
016

Diameter

011
.012
013
.014

Diameter

011
.018
020

Diameter

.011
.012
.013
019

= 5-10mnm

>10 w

TABLE 2

for Given Diameter

Voax (Ave)

(km hr

)

8.9 (&)
11
32

19
20
25
20

Y oax fAve)
(km hr

) .

(2)
(2)

P et et
.
Pt AN

3.3
3.6 (3)
6.0

(2)
0.7
1.3 (3)
2.6
2.6 (2)
6.9
1.5 (5)
2.0 (2)
2.6
2.6 (2)
1.6 (4)

No measurement
No measurement

No measurement
1.9
No measurement
2.2
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diameters 1es$ than one meter, vmax increases as dT/dZ increases, for a given
diameter. Conversely, there is né trend evident for Voaxr 8%cept possibly for
the larger diameters. There are two likely reasons why the Woax correlation
fails at the s@allest diameters. First, it is difficult to penetrate thesé
small devils properly and the instrument and oper;tor'have a significant

disruptive effect upon them. Second, these smallest of devils are most sensitive

to local eddies and other perturbative influences.

The fianding that W oax increases as dT/dZ increases provides strong evidence for
the role of bouyancy forces in dust devil generation and ﬁrovides data'for
determining the functional dependence., That Voax is not so correlated

provides indirect evidence that Voax is determined primarily by the atmospheric
angular momentum available kvorticity could not be solely responsible since

the surface area from which angular momentum can be concentrated will

depend upon the rate at which mass is transferred upward.

Dust Devil Diameter

Inspection of Table 2 shows that Viax has a decided tendency to increase as

dust devil diameter increases. This is in accord with the conclusion reached

in the previous report. Conversely, Ynax shows no such tendencv. This prqvides
further evidence that Ynax is dependent upon bouyaqcy forces which themselves

are Iindependent of the areal extent of the updraft.
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3.2.4 Atmospheric Vorticity Correlation with Dust Devil Rotation

The‘rotation census and vorticity meter data are shown in Figure 16-18. The
vertical scale on each 18 the vorticity metef two minute trends and the
horizontal axis 1is time. Up represents a counterc}ockwise trend (filled in
sections); down reoresents a clockwise trend (lined sections). The scale shown
for vorticity (0-3) has the following meaning: 'l1' corresponds to revolutions
per minute of between 0.1 and 0.5; '2', between 0.5 and 1.0; and '3', greater
than 1.0. Dust devil counts are plotted above and bglow each vorticity plot,
those above representing dust devils with counterclockwise rotation, those
below rotating clockwise. Those shown as dots were over 100 meters from the
station, those shown as crosses were within 100 meters. Those dust devils
circled rotated in a sense opposite to the vorticity meter. In almost all cases
analyzed thus far these "anamolous” dust devils were.quite small (< 1 meter)

and short lived, and/or occurred during a pericd where very little vorticity

was present. This would indicate that small, local gusts were responsible.

The rotation census data indicate rather strongly that the direction of dust
devil rotation 1Iis correlated to background vorticity. Correlation checks were
made by taking those dust devils cccurring during times of significant trends

of the vorticity meter. The results of this are as follows:

Date Correlation Coefficient
All Near

6-13 + 0.45 + 0.80

6-26 +.0.39 + 0.22

6-27 + 0.41 + 0.52
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Note that these were obtained using all dust devils. As noted above, many of
the "anamolous™ devils‘were very small and short lived. Removal of these from
the counts wogld significantly increase the correlation coefficients. This is

‘ particulariy so for 6-26 Qhere several occurred at the station and could have
been formed through vorticity produced in the air ;tream by st#tion equipment.,
More detailed studies are underway, but are not far enough along to be incluqed
in this report. These preliminary studies, however, indicate the role played

by background vorticity in dust devil generation.

3.2.5 Atmospheric Vorticity Correlation with Dust Devil Frequency

It was noted in Section 3.2.2 that dust devil frequency was correlated with

ATS. The vorticity data indicate a possible correlation with vorticity magnitude
also. On 6-13 very few dust devils appeared. At the same time, vorticity
magnitude rarely exceeded a few tenths of a revolution per minute. Many more
dust devils appeared on 6-26 and the greatest number anpeared on 6-27. Vorticity
magnitude increased correspondingly. This correlation can be seen in a general

manner in Figure 16-18.
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4.1 Dust Devil Mechanisms

The results of particular interest to date are:
a) Dust devil frequency appears to be a function of ATs and vorticity.
b)  The mgximum vertical velocitv appears to be a function of 3TH Z and

-

independent of dust devil diameter.
c) The maximum tangential wind velocity appears to be independent of 3 T/2Z.
d) Dust devil rotation appears to correlate with background vorticity.

e) TFor a given diameter, the maximum tangential velocity appears to

decrease as background wind velocity increases.

Finding (a) provides strong empirical support for the theoretical arguments
presented in the previous report which concluded that the necessary conditions

for dust devil formation aré an unstable thermal stratification and sufficient
environmental angular momentunm available for the spin-up process. It is
interesting to note that dust devil frequency is more dependeut on the instability
near the ground than on that of the whole unstable laver. This implies that

the triggering mechanism must extend sufficiently close to‘the ground to tap

this energy, and that dust devil formation and maintendnce requires greater
buoyant energy than the more prevalent plume or bubble convective modes (these other
modes also do not require environmental angular momentum). This implication

is enhanced by the fact that as the vortical motion increases, the radial inflow
is increasinglv confined to the lowest levels so that the updraff air supply is

derived from the very buoyant air near the ground.

Finding (b) indicates that the maximum vertical velocity attainable in the core
will depend on the vertically integrated buovancy, which will be.determined
principallvy by the thick superadiabatic layer overlving theé thin highly super-

adiabatic layer adjacent to the surface.
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The apparent independence of Vnax and dT/dZ [Finding (c)]} would, in view of

1f so, this would be

- Finding (b), indicate an independence of v on w ’
, _ max max

contrary to the hypothesis that updraft prodﬁces vorticity convergence which
produces the spin-up. However, since the uﬁdraft in a well deveioped dust
devil is confined to a small area, the increased v;rtical mass flux associated
with an increase in w requirés only a relatively small increase in {nflow rate
and extent due to the much larger source area. Thus, . S is expected to be |

much less a function of dT/dZ than is LA Unfortunately, the scatter in the

data 1s at present too large to detect any functional dependence of Voax OO dT/dz.

The correlation between observed sense of rotation of dust devils and the
background vorticity [Finding (d)] as well as adding more support to the
previous commenté, gives some indication of the sca1e of Ce and its source.

The most obvious feature of the'corfelation is that on the 13th and 27th the
correlations are higher than on the 26th and theyfimﬁrove if one considers only
the near dust devils. On the 26th the corrélation i3 wvorge for the near dust
devils., Although the éample is small, this implies that on windv days the scale
of Cc is lérger than on calm days. The dust devil occurrences plotted in Figs.
1, 4, 7, 10, and 13 indicate the tendency for dust devils to occur in groups.
Also, there is a tendéncy for these dust .devil groups to occur with increases

in the Qind speed i.e. on the leading edges of '"gusts”. (This tendency 1is shown
mést ciearly on the original wind velocity recordings,) These findings taken
together strongly suggest that Ce 13 due to the shear bf the hqrizontal wind

in the boundary of "gust” elements. The sources of the#e gust elements probably
;ahge from those produced by local convection cells, to terrain éffécts,

to large mesoscale phenomena such as the sea breeze front, with the importahce

of each dependent on the mean background wind.
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Finding (e) 1s interpreted as a reflection of the role of friction. When the
background wind is low, the amount’of turbulent momentum exchange is small

and confined to the very lowest layers. In such an enyironment‘the dissipation
of angular momentum during the convergence process is minimal so one would
expect a higher tangential velocity (for a given &hst devil diameter). As the

background wind increases, the depth and magnitude of turbulent dissipation of

momentum Iincreases in general and this is reflected in the loss of angular

momentum for the dust devil.
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4,2 Computer Calculations of Temperature Lapse Rates oun Mars

Determination of the temperature lapse rates that could occur in the lower Martian
atmosphere 18 important to this program since these lapse ratés play an importént
role in determining whether or not dust devils could occur on Mars. This secﬁion
- describea a model for computing the diurnal variation of temperature and presents

some of the results obtained to date.

Atmospheric temperature changes are assumed to be due primarily to turbulent heat

transfer processes in the vertical directioa (radiative‘transfer and advection

have been ignored for the present calculations). At the surface a balance of net solar

radiation, turbulent heat transfer, snd conductive heat exchange with. the subsurface
layer is assumed. Temperature changes in the subsurface layer are due to molecular
conduction of hest, the thermal diffusivity of the Martizn soil being assumed

constant with depth and time,
The rate of tempersture change at any subsurface level is
9T 37T (1§

where Z ig the depth in the soil, t i8 time, T is the temper#ture of the sofil, and

K is the thermal conductivity of the soil (assumed comatant),

The rate of temperature change in the atmosphere due to turbulent heat transfer

is
ar' _ 2l . aT*
2t az'{y‘ (7“)(3‘2"’ * r)] )

vhere T' ia the temperature of the atmospheyxe, Z' is height, Kkzﬁ is the eddy

diffusivity (varied with height), and I is the adfabatic lapse rate,
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The boundary condition equation is

4
oeT ~ - K 3T -p C_ K'3IT' - (1-A)S_ =0 (3)
© "z |z=0 %P 377 ‘ =0 °

¢ = Stefan-Boltzman constant

€ = emissivity of the surface
K = thermal diffusivity (near surface)
K; = eddy &iffusivity (near surface)
P = density of air

C_ = heat capacity of air

A = planetary albedo

S = golar radiation at surface.

Equations 1-3 are put in finite difference form for solution on the Univac 1108
digital computer. The Dufart-Frankel finite difference spproximatiom is used for

Eq.1 , and an extrapolation of this difference approximation is used for Eq. 2.

The finite difference equations are

,'r 21
e K m ol -1 an
- T ™ _ .m
248t 4 (Az)z(J"l"l i 3-1 Tj Tj )
’and

T'-T;m—l

__1 J - 1 ] - ] ¢ o . (2‘)
2At Q(Az')z(xj*”l Kj—l)(rj+1 - Tj—l + 21‘&2) )

where the subscript refers to distance and the superscript to time. Equations (1')

and (2') can be solved for T =+l and T'm+1

4 3 respectively to give-
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2KAt

a-1l + : -1
] 1+ KAt
2
(Az)
', - K! @ g orazt
ot {Tm-l L2t (%51 Kifl)(?j+1 {2y + 2rez) 2"
3 3 z")? 4
+ K (T"‘ + 1" - T'“'l)‘~——-}—-'r-—
; +1 -1 1 4+ 2atK*
3\ b b %y
" azn?
The finite difference analog of Eq. 3 is
K| - C K!
4 s Pa p s
oely * 337 (To“rl) MY A (To'Ti'rAz') - (1' )So =0 (3"

The root, TO, satisfying (3') 1s found. This T, is the surface temperature for the
time iteration under consideration. Subsurface and air temperatureg are obtained

by solving (1) and (2") going up and down from the surface,

The nurerical values uged in the computations are:

3

Ka = 2.50x10 cuzlsec

4 2
- TO>T20 - 5.2x10 cm lsec
8 T 11103 cmzlsec

3

05?20 meters
2.975x1073/T gm cm”

©
L

€ = .85

A= .15

AZ = 0.2 cm
AZ'= 2,000 cm

At = 61,5574 sec = 1 Martian minute .
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'cp - (514 + 1.1T)x10”

¢ = 5.67x107° cgs

Solar Constant at Mars = .626x106 erg/cm2 sec

K = .474x10"" ca’/sec

- funstable air = 2.2x103 2'4/3 cnzlsec

]
27 £ 120 metiy o able = 1.x10° ca’/sec

K'(2') = 6 2

unstable = 1.303x10 cm [sec

T
&" > 120 wee. stable = 1.x103 cazlsec

The space grid utilized is as foliows: for the ground, 20 layers of equal thick-
ness { Z), uvnderlefn by 8 layers of thickness 100x Z; for the air, starting from
the surface, 6 layers of equal thickness ( Z') overlain by 5 layers of thickneas
10x 2', in turn overlain by 9 layers of thickness 100x Z'. The top 20 layers in
the ground were {terated every Yartian minute, and the bottom 17 every 120 Hartian

minutes.

The bottom 6 layers of the atmosphere were 20 meters thick, but because K' is
large, they were iterated every 5 Martlan seconds. The next 4 layers vere iter-
ated every 1 minute (K' is somewhat larger for them) and the top 8 layers every

120 minutes.

Preliminary results of the computer computations of the model are illustrated inm
Figures 23 through 26. In these initial computations the temperature at time t = O
f'i§ 237°K at 6 A.M. on Mars at all levéls. The computer progranm is then allowed to
“:ruﬁ for ten days and the data for the tenth day 1s used. Figures 23a and b

ndepict the change in the 6 a.m. temperature through the ten~day cycle. From the
graphs it can be seen that by the ninth day the temperatures are approaching steady

state values at all the gselected levels.
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Figures 24a and b 11llustrate the diurnal change in temperature at selected levels
for the Martian equator at equinox. Inspection of the(curvea indicates that the
temperature changes throughout the day are similar in manner to the changes
observed in the earth's atmosphere and ground. In parficular, it ghould be noted
-that the daytime surface temperature curve agrees fairly well with the Martian
temperaturés determined by rewmote sensing techniques (Sinton, W, M. and J. Strong;

#padiometric Observations of Mars," Astrophys. J., 131, 459-464, 1960, and

Gifford, F., Jr.; ''Surface Temperatures of the Planet Mars: 1962 to 1943," The
Study of Planetary Atmospheres, a Final Report, Lowell Obs., Flagstaff, Ariz.,
208-249, 1952). In addition, the maximum surface tewperature agrees with the
maximua tesmperature obtained by Ohring, et al. (Ohring, George, W. Tang, J.
Mariano, and G. Desanto, 'Plenctary Meteorology," ?inal report, Contract No.
NASw-1574, GCA-TR-68-4-N, 54 pp., May 1968) with their 'con'stant K model. However,
their minipum temperature is approximately thirty~five degrees coldef. On the
other hand, the preliminary results of their wvariable K model give a similar
minimum temperature as shown in Figure 24, but a much colder maximum temperature
({.e., 240°K). As can be seen from Pigure 24 the dirunal range computed for the
Martian surface is 96°K. The observed range on desert surfaces on Earth is
approximately 40-50°K. At 20 meters the computed range is 53°K while the observed

range oun Earth at 20 meters is approximately 5-10°K.

The vertical temperature profiles computed for different times of the day at the
equator at equinox are presented in Figures 25a & b. Although the temperature
change with height between the surface and 20 meters at the time of the surface
‘maxiwun (1 p.m.) temperature is ~29.8°C, the greatest change with height 1is

—30.2'C:at noon. A similar temperature change :ver deserts on the earth would

be approxzimately 15°K. Actually in the earth's atmosphere most of this temperature
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change takes place in the first ten meters with over 70% of the change gemerally
in the first meter above the surface. Ohring, et al. computéd an approximate
80°K maximum change in the first km compared CO'AGQK from.Yigure.ZSa.Part of fhis
difference 1s undoubtedly due to the fact that the Ohring, et al. model has a
constant eddy diffusivity while our model has a variable eddy diffusivity with
the largest values near the ground,and a function of the stab;lity. These
curves I1llustrate quite well the response of the gtmOSpbere to the eddy flux of

heat from the surface,

The variation of the ground and 20 meter temperature with latitude is shown im
,Figures 26a & b, Figure 2a is for the equinox (6 = 0) whilg b 15 for the suuzmer ’
and winter solstice (& + 25).- These curves are based on calculations made for
latitudes 0%, 30°, 45° and 90°. Although the temperature at the equator and low
latitudes agree fairly well with previous estimates the polar regions do not
(Michawx, C. M., 1567, NASA SP3030, Handbook of Mars). The summer temperatures

are higher and the winter temperatures are lower.

In swmmary, the results of the calculations made frouim this analytical model and
the finite difference analog give quite reasonable results. Future work will
includé 1) determining the vertical temperature profiles at different latitudes
and seasons; 2) couwparing profiles observed over desert conditions with those
predicted by the model under similar conditions; and 3) comparing these data with
those of others. All three of these objectives will involve varying the eddy
~diffusivity in accord with emperically derived values and theoretical considera-

tions.
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Ficure 23a

Atmospheric temperature at Martian

equator at 6 AM over a ten-day
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Temperature °K

Fizure 23b

Surface and interior temperatures
at Martian equator at 6 AM over a

ten-day period.
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Air Temp °K

Ground Temp °K

Mzure 24a
Comﬁuted diurnal variation of the
Martian atmospheric temperatbrc at

the equator at equinox.
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Ficure 25a

t 5
- Computed atwmospheric temperature
:ﬂ"“ o profilesfor various times of day

at Martian equator at equinox.
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Figure 26a
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Figure 26b
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APPENDIX A
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TEMPERATURE DATA FOR MARCH 28, 1968



Temperature (°C)

ZZL:
20
16
14
12

10

. 1000

3-28-63 . -

Aircraft Soundings -

o8

1100

1200

1300
Time

]50 meters

300 meters

i P

920_meters

1400 1500

1540 meters

g
1600



Hegmht (meters)

107

PLATL 91

10

10

1

¥

14

16

18

260 22 24
Temperature (°C)

26

3-28-68 -
.. 1115 PST . ;

Adiabatic - -
and
Sub Adiabatic - B

}
I T

28 30




10

neiulie un r
BiGUL (neLEryy

10

o pasy

‘?'
[N

AT O !

(329

101

10

12

"o

16

18

20 22 24
Temperature (°C)

-~

“

26

-

- 3-28-68
‘1130 PST - -

ory .
dtabatic - -
ﬂ‘a"é....;; i
Sub Adiabatic

28 30 T

RSP

{
[ - .
S R



10

L]
v
e
(3]
9
22
E

Npat”
43

10

AT

107!

8 10 12

14

16

18

20 22 4

Temperature (°C)

. Sub Adiabéffc

26 -

Ve

ey

N—
and

28

3-28-68
1215 PST

-

¥d

N S

P PR



.10

10

10

10

12

14

16

18

20 22 24
Temperature (°C)

3-28-68 "
1230 PDT ... .

i)
e e e sy s S, iy s g 5 oy

Dry

T T W

and

Sub Adiabatic |

e s et om0 55

V. Q-r*

26 28 30



yHeight (meters)

. .10

10

10

10

2

14

16

18

20 22 24
Temperature (°C)

"2 28 300

3-28-68 .
1245 ST .

i ,....‘._...__4.*...".‘..]'

Ory |
<" adiabatic and R

. Sub Adiabatic

w
=
w
(1%
.
e
o -
wady
[T
. o
- , & -
o B o
o
. 0
it
g, oy dsspeaiibmnad e

i

. 1

: i

: .

!

1 1

e :
- i
ek |

s
3
{
.
O



3-28-68
1300 PST
FFin w8 & =

bey.
Adiabatfc and

Y

Sub Adiabatic' = -

* Super Adiabatic

10

VAT,

‘0“1 . . .. i o 1 .”_.;--;L'
8 10 12 14 16 ]8_ 20 22 24 26 28 30

Temperature (°C)



9ght (meters)

—
(o]
N

10

107!

10

12

14

16

18

20 22 284 26 28

Temperature (°C)

3-28-68 ' - -
1315 PST 17 7 7

L 4

Ory -
‘Adiabatic “and

Sub Adiabatic i

i

Super  Adiabatic - D

30

[T G USRI W T |

RPN

s adealesvemm

f 3
4 ¢ .
[ P GOSN SRS S |



P
(%)
$
@
+»
U
(=

—
e

Cee
-

10

10

0

5

20 22 24
Temperature (°C)

© 3-28-68
, 1330 PST,

,‘Dry .
-Adiabatic and

Sub Adiabatic .

i
1

— e o smeime e o

26 28 30

-

s ks



. -3-28-68 _
, 1345 PST. i
P G r -
Coony: i
2 ] i

- Rdiabatic and !

“ sub Adiabatic’

R st st e e B ad w— oma—a —— i— R d i

10

D R TP T P

Super Adiabatic

~
D
3
»
2
>
>
>

10

RO VI SN WA DG SIS S i

i oAt me

] <...‘,.
S

t

fLAaTn 9

U (ORI ST NEES  S

e . S e A AR W

b 55

-] | ) S S
08 10 12 14 16 18 20 22 24 26 28 30

Temperature (°C)



Ory .

) )
Adiabatic
B R

" s

“and - -
—.  _Sub Adiabatfc™ 7 -

10

eight (meters)

R W e - PPV

Supeé Adiabatic

10

1y

8 10 12 14 16 18 20 22 26 26 28 30
Temperature (°()



P

1415 pST

3-28-68
=

Dry

" Adiabatic”

B A = -t

Sub Adiabatic

énd

™M
O
o

[aY)
o]
r—

(s4938w) 3ubyal

Super Adiabatic

10

10

R
m
|
!

PN ”

Lo
m
o
™
1
P
N
o
N
<3
[9¥]
o~
~
o
&
©
oy
.0
o
<
o~
~
o
o
fa
8!

Temperature (°C) =



§ght (meters)

e
bw  wr wararin

VL

fri

10

<10

10

10

-]4

10

12

g "

16

“w

P

20 22 24
Temperature (°C)

26

Dry
‘Adiab

3.28-68._ * - _.
1430 PST /- - -

atic /. -

T e

and

Sub Adiabatic )
éupek Adiabatic

28

30

' '
S s s o - i



), i - --1‘
’ 3-28-68 e o
1445 PST j

fir.yg . )-1_‘ ; :

Dry
> ' ‘ ) .
-Adiapati,c 7
and
T e, S - TN
Sub Adiabatic

D R NN WU GERR AP

v d s

b

Super Adiabatic . ,

H
- -

- 4, - - ...l, - .f-_—
A | - PR 1
i

POV TR I

10

. - 1
7 :
i -
. 5
;- i
- i
s % !
w4 H
" !
=
)
wl sk, B
24
4

3
¥
¥
v
v > S menar v b

;
s 1
] i
1 ¢ 4
i ;
y ’ ¢
H : '
i 1
t ¥
Ed .
‘

$ig '
3 o

-1 v ' ‘ oo
0 g 4y 12 14 16 8 20 22 24 26 28 ‘3 T UUTUCUT

Temperature (°C)



-
v
) ..
Q
o
L
| =
W
4+
£

10

10

10

aigv'

3-28-68 _ . .- .,

© 1500 ST -

i s e e s s W &

Dry

Adbatic

I i
— o __ _Sub Adidbatfc T _

SRR ORI SPRPIOPIO S

\ P T I

\ Super Adiabatic

(O IS A SIS SR

O e SO SO .. V.3

. @ 2 o Wy !
:
s e ,l e bl = e {
- = H
) 1
» :
! i

_ _ i
« R S TR -1
12 14 16 18 ZQ 22 24 26 28 30 :
Temperature (°C) =



ight (meters)

EF RO TR Y I
-
s

LR SU TR

RO

§

- 3-28-68 ' - {

g 1520 ~ ;

i

2 i
Dry Adiabatic . :
_ and ) ‘ k
Sub Adiabatid "~ .

Super Adiabatic

;‘-',‘,...-4.'

SO S U NIRRT S

Sarmsammm bt omed) sy ©

1 2
RO UM <. SNVIR W SRR < TR e S S

10 12 14 16 18 20 22 24 26 28 7 30
Temperature (°C)



TEMPERATURE DATA FOR MAY 3, 1968
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TEMPERATURE DATA FOR JUNE 13, 1968
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